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•  A  new  dual-salts  electrolyte  solution 
has  been  explored  for  lithium  metal 
anode. 

•  Excellent  cycling  performance  and 
dendrite-free  lithium  deposit  have 
been  achieved. 
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Metallic  lithium  is  the  most  promising  negative  electrode  for  high  energy  rechargeable  batteries  due  to 
its  extremely  high  specific  capacity  and  the  lowest  redox  potential.  However,  the  low  cycle  efficiency  and 
lithium  dendrite  formation  during  charge/discharge  processes  consistently  hinder  its  practical  applica¬ 
tion.  Here  a  new  dual-salts  electrolyte  composed  of  Li[N(S02F)2]  and  Li[N(S02CF3)2]  has  been  explored  to 
simultaneously  cope  with  these  two  problems.  Under  the  unique  protection  of  solid  electrolyte  inter¬ 
phase  (SEI)  film  formed  in  this  electrolyte  solution  and  the  improvement  in  Li  crystal  growth  pattern, 
high  cycle  efficiency  of  ca.  99%  and  dendrite-free  Li  deposit  have  been  achieved.  Moreover,  the  excellent 
cycling  performance  and  favorable  lithium  morphology  can  be  retained  even  at  high  current  density  of 
10  mA  cm-2.  This  study  will  greatly  promote  the  development  of  Li-metal  rechargeable  batteries  with 
high  power  and  high  energy  density. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Although  lithium-ion  batteries  are  being  widely  used  as  power 
sources  for  portable  devices  and  (hybrid)  electric  vehicles,  the 
limited  energy  density  of  less  than  200  Wh  kg-1  by  using  con¬ 
ventional  graphite  anode  material  is  still  unable  to  meet  the  exigent 
demand  for  smaller  and  lighter  devices  and  more  powerful  electric 
vehicles  [1  .  Driving  by  this  challenge,  more  and  more  researchers 
pay  attention  to  Li-metal-based  rechargeable  battery  systems  [2]. 


*  Corresponding  author.  Tel./fax:  +86  21  5474  7667. 
E-mail  address:  yangj723@sjtu.edu.cn  (J.  Yang). 

http://dx.doi.org/10.1016/jjpowsour.2014.08.011 

0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 


For  instance,  lithium-sulfur  battery  has  been  intensively  investi¬ 
gated  due  to  its  high  theoretical  energy  density  of  2600  Wh  kg-1 
[3,4  .  Moreover,  a  higher  theoretical  value  is  obtainable  for  lith¬ 
ium-air  battery  [5  .  Both  the  systems  use  lithium  metal  as  anode, 
which  provides  extremely  high  theoretical  specific  capacity 
(3800  mAh  g"1)  and  the  lowest  redox  potential  (-3  V  vs.  standard 
hydrogen  electrode,  SHE)  [6  .  Based  on  its  unique  advantage, 
metallic  Li  is  becoming  the  most  promising  anode  candidate  for 
next  generation  energy  storage  systems.  However,  highly  thermo¬ 
dynamic  instability  of  lithium  to  organic  solvents  causes  low  cycle 
efficiency  and  lithium  dendrite  formation  during  discharge/charge 
processes,  which  are  two  major  obstacles  for  its  practical  applica¬ 
tion  [7,8].  The  growth  of  lithium  dendrites  in  continuous  cycling 
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may  lead  to  internal  short  circuit  and  further  incur  fire  or  other 
safety  problems,  while  the  low  cycling  efficiency  will  result  in  short 
cycle  life  and  final  battery  failure  [9,10]. 

Beginning  in  the  early  1970s,  various  attempts  from  the  Li  sur¬ 
face  protection  to  electrolyte  selection  have  been  made  to  solve 
these  two  key  problems  [11,12].  Although  a  great  progress  has  been 
made  to  address  these  issues,  few  approaches  are  successful  to 
solve  all  these  problems  at  the  same  time.  For  example,  some  ad¬ 
ditives  (e.g.  CO2  13],  SO2  14,15],  2-Meyhyfuran  [16  ,  etc.)  in  liquid 
electrolytes  are  helpful  to  gain  relatively  long  cycle  life,  but  lithium 
dendrite  formation  nature  does  not  be  changed.  Compared  with  the 
liquid  electrolyte,  PEO-based  one  is  advantageous  for  its  elastic 
property  and  good  compatibility  with  lithium,  but  the  dendrite 
growth  still  could  not  be  suppressed  fundamentally  and  only  the 
onset  time  of  lithium  dendrite  formation  can  be  prolonged  to  some 
extent  [17-19  .  In  addition,  its  blocking  to  lithium  dendrite  growth 
seems  to  be  invalid  at  elevated  temperature  due  to  losing  me¬ 
chanical  strength  of  PEO  7,20  .  A  significant  breakthrough  has  been 
achieved  by  Aurbach  group  [21  .  The  liquid  electrolyte  system 
containing  1,3-dioxolane  (DOL),  LiAsF6  and  tributylamine  in  trace 
amount  as  a  stabilizer  shows  dendrite-free  lithium  morphology 
and  almost  100%  Li  deposition-dissolution  efficiency.  Unfortu¬ 
nately,  it  still  faces  some  application  obstacles.  At  charging  rate 
higher  than  1.5  mA  cm-2,  the  cycle  life  is  limited  [22,23  .  Moreover, 
the  LiAsF6  salt  is  toxic.  Similarly,  the  newly  proposed  electrolyte 
with  CsPF6  as  additive  can  effectively  suppress  lithium  dendrite 
with  a  columbic  efficiency  of  more  than  98%  [24  .  However,  the 
additive  can  only  be  effective  to  prevent  the  dendrite  growth  at 
limited  current  densities.  Too  large  a  current  density  will  induce  a 
large  voltage  drop  which  may  compel  the  additives  to  be  co¬ 
deposited  with  Li  and  thereby  diminish  the  effect  of  the  additives 
[7].  In  short,  the  up-to-date  results  are  still  unsatisfactory  for 
practical  application.  It  is  necessary  to  design  new  electrolyte  sys¬ 
tems  to  cope  with  both  the  low  coulombic  efficiency  and  dendrite 
formation  at  adequate  current  rate. 

As  is  generally  known,  SEI  layer  on  lithium  metal  strongly  affects 
Li  deposit  morphology  and  cycling  performance  [25  .  As  the  main 
source  of  organic  composition  in  SEI  film,  the  choice  of  solvents  in 
electrolytes  is  very  important  for  lithium  anode.  The  commonly 
used  liquid  electrolyte  solutions  adopt  three  families  of  solvents, 
namely,  ethers,  esters,  and  alkyl  carbonates.  It  is  already  known 
from  previous  studies  that  lithium  is  not  passivated  in  ester  or  alkyl 
carbonate  (e.g.  BL,  PC,  DMC,  etc)  based  electrolytes  for  lack  of  stable 
or  flexible  solid  surface  films  on  lithium  26-28  .  With  regard  to 
the  compatibility  to  highly  reactive  Li  metal,  ethers  seem  to  be  a 
good  choice  for  its  relatively  low  oxidation  state  [29,30  .  Particu¬ 
larly,  the  cyclic  ether  solvents  are  superior  to  stabilize  the  surface  of 
Li  metal  by  forming  an  elastic  surface  layer  through  the  ring¬ 
opening  reaction  [31  .  For  example,  the  electrolyte  with  1,3- 
dioxolane  (DOL)  as  solvent  and  LiAsF6  as  lithium  salt  shows  the 
distinct  superiority  in  cycling  stability  because  of  the  formation  of 
flexible  and  insoluble  polydioxolane  oligomers  on  the  lithium 
surface,  which  could  accommodate  the  morphological  change  of 
the  Li-metal  during  cycling  [21,22].  Based  on  the  above  results,  we 
choose  DOL  as  main  solvent.  On  the  other  hand,  lithium  salts  also 
play  a  critical  role  for  forming  a  thin,  compact  and  uniform  SEI  film. 
However,  compared  to  the  variety  of  solvents,  the  Li  salts  suitable 
for  lithium  metal-based  systems  are  very  limited  [13  .  Li 
[N(S02CF3)2]  (LiTFSI)  is  often  used  in  Li-S  batteries  and  also  ionic 
liquids  containing  TFSI-  anion  have  proven  helpful  for  improving 
lithium  metal  cycling  efficiency,  but  the  tolerance  of  large  current 
density  of  Li  anode  is  still  limited  13,32,33  .  In  view  of  that  another 
sulfonyl  imide  salt  Li[N(S02F)2]  (LiFSI)  possesses  high  ionic  con¬ 
ductivity  and  good  compatibility  with  lithium  [34-36  ,  we 
conceive  the  combination  of  LiFSI  and  DOL  for  a  new  electrolyte  to 


match  Li  metal  anode.  However,  it  has  been  found  in  our  experi¬ 
ment  that  the  solubility  of  LiFSI  is  very  low  in  DOL  solvent  and 
open-ring  polymerization  of  DOL  is  easily  induced.  Although  add¬ 
ing  dimethoxymethane  (DME)  as  co-solvent  can  improve  the  sol¬ 
ubility  of  LiFSI  greatly,  its  stability  in  DOL-DME  co-solvent  is  still 
poor. 

In  the  present  work,  combined  with  the  high  stability  of  LiTFSI 
in  DOL  solvent  system,  a  novel  dual-salts  electrolyte  solution 
mating  organic  LiTFSI  to  inorganic  LiFSI  is  designed  and  prepared, 
in  which  LiFSI  not  only  provides  high  conductivity,  but  also  domi¬ 
nates  the  interfacial  behavior,  while  LiTFSI  acts  as  stabilizer  and 
conducting  agent.  Both  the  anion  structures  are  given  in  the  fol¬ 
lowed  (I)  and  (II).  This  simple  but  effective  dual-salts  electrolyte 
system  shows  steady  and  high  coulombic  efficiency  and  dendrite- 
free  lithium  deposition  even  at  high  current  density.  The  possible 
function  mechanism  is  explored  and  discussed. 
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(  I  )  FSF  anion 


( II )  TFSF  anion 


2.  Experimental 

2.2.  Preparation  of  dual-salts  electrolyte  solution 

All  the  raw  materials  used  in  experiments  are  Li  battery  grade. 
LiTFSI  and  LiFSI  were  obtained  from  Capchem.  Co.  Ltd.  and  Suz¬ 
hou  Fluolyte.  Co.  Ltd,  respectively.  Anhydrous  1,3-dioxolane  (DOL) 
and  dimethoxymethane  (DME)  were  obtained  from  Aldrich,  Inc. 
The  experimental  work  was  carried  out  in  an  Ar-filled  dry  glove 
box  (MB-10  compact,  MBRAUN)  containing  less  than  1  ppm  water 
and  O2.  Firstly,  Anhydrous  DOL  was  mixed  with  anhydrous  DME 
in  2:1  volume  ratio,  then  0.5  M  LiTFSI  was  dissolved  in  the  mixed 
solvent.  Finally,  0.5  M  LiFSI  was  slowly  added  to  the  above  so¬ 
lution  and  further  stirred  for  12  h  at  room  temperature  in  the 
glove  box  to  form  the  electrolyte  solution.  The  mole  ratio  of  Li+ 
from  these  two  kinds  of  salts  was  1:1.  The  total  concentration  of 
dual-salts  was  1  mol  L-1  and  the  water  content  in  the  final 
electrolyte  is  30.8  ppm  measured  by  coulometric  KF  titrator  (C30, 
Mettler  Toledo). 

2.2.  Electrode  characterization 

The  morphologies  of  lithium  metal  electrodes  were  observed  by 
FEI  Nova  Nano-scanning  electron  microscope  (SEM).  Firstly,  cells 
were  disassembled  in  the  glove  box  and  then  the  obtained  elec¬ 
trodes  were  thoroughly  washed  by  anhydrous  DME  to  remove  any 
electrolyte  salt  residuals.  To  avoid  exposure  to  air,  the  dried  samples 
were  sealed  in  an  air-isolating  container  and  transferred  quickly 
into  the  SEM  equipment  under  the  protection  of  Ar  flow. 

The  X-ray  photoelectron  spectroscopy  (XPS)  analysis  was  per¬ 
formed  using  a  Kratos  Axis  UltraDLD  spectrometer  (Kratos 
Analytical-A  Shimadzu  Group  Company)  with  monochromatic  Al 
Ka  source  (1486.6  eV).  Before  transferring  the  samples  to  the 
equipment,  an  air-isolating  container  with  protective  Ar  flow  was 
used  to  avoid  moisture/air  exposure.  Under  slot  mode,  the  analysis 
area  was  700  x  300  pm  and  analysis  chamber  pressure  was  less 
than  5  x  10-9  Torr.  The  binding  energy  was  calibrated  according  to 
the  C  Is  peak  (284.8  eV)  of  adventitious  carbon  on  the  analyzed 
sample  surface. 
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2.3.  Electrochemical  measurements 

The  LiFeP04  electrode  and  sulfur  composite  electrode  with  S 
content  of  38.7%  were  fabricated  by  mixing  active  material,  Super  P 
conductive  carbon  black  (40  nm,  Timical)  and  binder  in  weight  ratio 
of  80:10:10  for  electrolyte  compatibility  measurement.  The  binders 
used  in  LiFeP04  electrode  and  sulfur  composite  electrode  were 
poly(vinylidene  difluoride)  and  cyclodextrin  respectively.  The  sul¬ 
fur  composite  was  synthesized  by  pyrolysis  of  a  mixture  of  PAN  and 
sulfur  according  to  our  previous  report  [37].  After  casting  the  slurry 
on  Al  (for  LiFeP04)  and  foam  Ni  (for  S-based)  current  collectors,  the 
electrodes  were  dried  at  65  °C  in  vacuum  for  4  h.  The  coin  cells 
CR2016  were  assembled  with  the  above  electrodes,  pure  lithium 
foil  as  counter  electrode  and  ENTER  ET  20-26  (PE,  thickness: 
20  pm)  as  separator  in  an  Ar-filled  dry  glove  box  containing  less 
than  1  ppm  water  and  O2.  The  discharge  and  charge  measurements 
at  room  temperature  were  carried  out  on  a  LAND-CT  2001 A  Battery 
Test  System  (Wuhan,  China). 

The  coulombic  efficiency  and  deposition-dissolution  perfor¬ 
mance  of  lithium  were  examined  using  Li/electrolyte/stainless  steel 
(SS)  cells  with  the  separator  ENTER  ET  20-26  and  different  elec¬ 
trolyte  solutions.  During  this  experiment,  a  constant  deposition 
current  density  of  0.25  mA  cm-2  was  passed  through  the  cell  for 
2.5  h,  and  then  the  same  dissolution  current  density  was  applied 
until  the  cut-off  voltage  of  1.2  V  vs.  Li.  The  process  of  Li  deposi¬ 
tion-dissolution  at  high  current  density  of  10.0  mA  cm-2  was 
conducted  by  using  symmetrical  Li/Li  cell,  which  was  cycled  with 
charge  amount  of  54  C  cm-2  for  each  cycle. 

Cyclic  voltammogram  was  measured  with  a  three-electrode  cell 
system  using  a  CHI604A  electrochemical  workstation  (Shanghai, 
China).  The  working  electrode  was  Pt  disc  electrode  (area: 
0.0314  cm2)  and  lithium  slice  served  as  counter  electrode  and 


reference  electrode  (RE).  The  Pt  disc  electrode  was  polished  with 
AI2O3  powder  and  rinsed  with  alcohol  before  use. 

The  ionic  conductivity  of  the  electrolyte  solution  was  measured 
using  a  FE30  conductivity  meter  and  an  InLab  710  conductivity 
measuring  cell  (Mettler  Toledo,  Switzerland)  by  inserting  the  InLab 
710  conductivity  electrode  in  solution  after  calibration. 

The  A.C.  impedance  spectroscopy  of  Li — Li  symmetric  cells  with 
different  electrolyte  solutions  and  the  above-mentioned  separator 
were  measured  using  a  frequency  response  analyzer  (CHI660C) 
with  an  electrochemical  interface  in  the  frequency  range  from 
1  MHz  to  0.01  Hz. 

3.  Results  and  discussion 

3.1.  Coulombic  efficiency  and  galvanostatic  cycling  performance 

In  order  to  examine  the  coulombic  efficiency  of  lithium  depo¬ 
sition/dissolution  processes,  galvanostatic  cycling  experiments 
were  conducted.  The  efficiency  was  calculated  according  to  the 
ratio  of  the  charge  amount  of  Li  dissolution  to  that  of  Li  deposition 
on  stainless  steel  (SS).  It  can  be  observed  from  Fig.  la  that  the  first 
columbic  efficiency  reaches  to  91.6%  in  dual-salts  solution  and  after 
several  cycles  it  becomes  stable,  approximating  99%,  which  is  much 
higher  than  those  in  conventional  electrolytes  for  Li-ion  batteries 
and  single  salt  LiTFSI  electrolyte  system.  For  carbonate  electrolyte 
with  1  M  LiPF6,  the  over-voltage  for  Li  deposition  and  dissolution  is 
high  up  to  ~44  mV  and  the  deposition  voltage  shows  an  ascending 
tendency  with  time  (Fig.  lb).  After  75  cycles  the  deposition  voltage 
drastically  fluctuates  with  high  polarization.  The  same  tendency 
can  also  be  found  in  electrolyte  with  single  lithium  salt  LiTFSI 
(Fig.  lc).  The  electrolyte  with  dual-salts  shows  excellent  lithium 
deposition/dissolution  performance  (Fig.  Id).  The  over-voltages  for 


120 


100 

.* 


(a) 


XT 


O  80|- 


g  60  P 
o 

E  40  ' 

W 

20  - 
0  - 


*/r- 


LiFSl-LiTFSI/DOL-DME 

LiPF/EC-DMC 

6 

LiTFSI/DOL-DME 


20 


40  60  80 

Cycle  Number 
■ih 


100 


> 

<L> 

0 


A 

i 


o 

> 


(b) 


-//- 

Lithium  dissolution 


f 

Lithium  deposition! 


^  0 

■1  -I* 


>°°S  J  SS  J 


85  90  95  100 

,Tin)C'll,  .  , 


120 


0 


-//- 


50  100  150  200  450 
Time/h 


500  550  600 


150  1300  1350  1400  1450 

Time/h 


Fig.  1.  Lithium  deposition-dissolution  performances  in  Li/electrolyte/SS  cells,  (a)  Coulombic  efficiency  vs.  cycle  number  for  different  electrolyte  solutions,  (b,  c,  d)  Galvanostatic 
voltage-time  curves  respectively  in  LiPF6/EC-DMC,  LiTFSI/DOL-DME  and  LiFSI-LiTFSI/DOL-DME  solutions.  Each  dissolution  and  deposition  of  lithium-metal  was  performed  at 
25  °C  under  constant  deposition  current  of  0.25  mA  cm-2  for  2.5  h  (ca.  4.5C),  and  then  the  same  dissolution  current  density  was  applied  until  the  cut-off  voltage  of  1.2  V  vs.  Li. 
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lithium  deposition/dissolution  are  small  (<6.8  mV)  and  stable.  Even 
after  3000  h'  cycling  the  over-voltage  is  still  stable  and  below  15  mV 
(see  the  inset  in  Fig.  Id).  The  difference  in  the  over-voltage  is 
associated  with  the  interfacial  resistance  and  electrode  reaction 
involving  charge  transfer,  which  are  strongly  influenced  by  com¬ 
positions  of  the  surface  film  and  electrolyte.  The  interfacial  resis¬ 
tance  obtained  by  the  A.C.  impedance  measurement  is  88.6  Q  cm2 
for  Li/Li  symmetric  cells  containing  the  LiFSI — LiTFSI  electrolyte 
after  stabilization  for  4  h,  compared  with  195.0  Q  cm2  in  LiPF6 
electrolyte.  The  high  cycle  stability  and  electrochemical  revers¬ 
ibility  of  lithium  deposition/dissolution  demonstrates  a  new 
avenue  for  lithium  metal  anode  used  in  nonaqueous  liquid 
electrolyte. 

3.2.  Observation  of  Li  morphologies  deposited  in  different 
electrolytes 

Another  advantage  of  this  dual-salts  electrolyte  is  the  effective 
suppression  of  lithium  dendrite.  The  surface  morphologies  of  Li 
electrodes  cycled  in  different  solutions  are  shown  in  Fig.  2.  In  view 
of  the  fact  that  Li  deposition  at  current  density  above  1  mA  cm-2  is 


highly  dendritic  in  most  of  the  commonly  used  nonaqueous  elec¬ 
trolyte  solutions  [22  ,  relatively  high  current  density  of  2  mA  cm-2 
was  used  in  this  experiment  to  observe  the  surface  morphology  of 
Li  deposit.  After  10  cycles,  the  pronounced  differences  can  be 
observed  from  Fig.  2.  In  conventional  carbonate  based  electrolyte, 
the  lithium  deposit  is  either  dendritic  or  spongy  (Fig.  2a  and  b). 
Whereas,  lithium  deposit  from  the  dual-salts  electrolyte  shows 
smooth  solid  particle  morphology  (Fig.  2c  and  d).  To  further  gain  an 
insight  into  the  structure  of  Li  deposit,  its  cross-section  morphology 
was  observed.  As  shown  in  Fig.  2e,  the  mossy  and  needle-like 
lithium  with  the  incompact  configuration  can  be  easily  identified 
after  5  cycles  in  the  conventional  electrolyte.  In  particular,  a  long 
dendrite  near  10  pm  directly  grown  from  Cu  substrate  is  observable. 
On  the  contrary,  Li  deposit  obtained  from  the  dual-salts  electrolyte 
exhibits  a  neat  and  compact  particle  array  (Fig.  2f),  which  offers  a 
basic  condition  for  forming  a  high  quality  SEI  layer.  The  apparent 
morphology  transformation  could  be  attributed  to  the  unique 
surface  chemistry  and  interfacial  property,  which  is  adjustable  via 
the  electrolyte  composition.  As  concerning  only  electrolyte  sol¬ 
vents,  due  to  the  existence  of  oligomers  of  polydioxolane  (partial 
polymerization  and  reduction  of  solvent  DOL),  functioning  as  an 


Fig.  2.  SEM  micrographs  of  Li  electrodes  after  10  cycles  in  Li/electrolyte/Li  symmetric  cells  with  4C  per  process  at  2  mA  cm-2,  (a,  b)  in  a  conventional  LiPF6/EC-DMC  electrolyte,  (c,  d) 
in  LiFSI-LiTFSI/DOL-DME  electrolyte.  The  final  state  is  lithium  deposition,  (e,  f)  Cross-section  micrographs  of  metallic  lithium  electrodeposited  on  Cu  substrate  after  5  cycles  in 
conventional  LiPF6/EC-DMC  electrolyte  and  in  LiFSI-LiTFSI/DOL-DME  electrolyte.  The  first  deposition:  3  C  cm  2,  during  followed  cycles:  1  C  cm  2  per  process  at  0.5  mA  cnrr2,  the 
final  state  is  lithium  deposition  on  Cu  substrate. 
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elastomer  [21  ,  a  flexible  surface  film  can  be  formed  in  the  dual¬ 
salts  electrolyte  system,  which  could  better  accommodate  the 
volume  changes  upon  repeated  Li  deposition-dissolution  pro¬ 
cesses  and  benefit  the  uniform  and  compact  lithium  deposits. 
Whereas,  the  surface  film  formed  from  LiPF6  solution  is  mainly 
based  on  Li  alkyl  carbonate  film  (R0C02Li,  ROLi,  RC002Li,  etc.), 
combing  with  some  salt  reduction  products  26],  which  cannot 
accommodate  the  morphological  change  of  the  Li  surface  during 
cycling,  and  thus  may  be  easy  to  break  down,  leading  to  non- 
uniform  current  density  distribution  and  lithium  dendrite  forma¬ 
tion.  This  incompact  and  dendric  Li  deposit  may  further  degrade 
the  quality  of  SEI  film  and  induce  more  side  reaction  between  fresh 
deposited  lithium  and  electrolyte,  which  results  in  the  low  and 
unstable  cycling  efficiency.  In  addition,  the  reiterative  repair  of  the 
SEI  film  makes  it  thicker,  leading  to  the  larger  interfacial  resistance 
and  higher  over-potential  as  shown  in  Fig.  1. 

3.3.  Lithium  cycle  performance  at  high  current  density 

In  general,  low  current  density  will  not  bring  on  notable  Li 
dendrite  formation.  High-rate  performance  is  still  a  big  challenge 
before  practical  application  of  Li  metal  anode  in  liquid  electrolyte 
due  to  the  dendrite  growth.  To  evaluate  the  feasibility  of  this  dual¬ 
salts  electrolyte  towards  practical  power  source  application,  the 
tolerance  of  large  current  density  is  indispensable.  Fig.  3  shows 
lithium  cycling  performance  with  high  current  density  of 
10  mA  cm-2  and  sufficient  charge  amount  of  54  C  cm-2  (i.e. 
15  mAh  cm-2),  which  is  much  higher  than  that  of  conventional  Li- 
ion  cell  (3.7  mAh  cm-2).  Obviously,  in  this  binary  salts  electrolyte 
system,  the  over-voltage  tends  to  be  low  (ca.  20  mV)  and  extremely 
stable  after  the  initial  several  cycles  of  relatively  higher  polarization, 
which  may  be  associated  with  the  interfacial  activation  and  SEI 
formation  (Fig.  3a).  In  contrast,  the  over-voltage  is  unstable  and  over 
400  mV  in  the  LiTFSI  electrolyte  (Fig.  3b).  The  fast  electrode  kinetics 
in  this  new  electrolyte  is  supported  by  its  high  ionic  conductivity 
(10.22  mS  cm-1)  and  the  favorable  interfacial  property  (the  inter¬ 
facial  resistance  of  88.6  Q  cm2  in  LiFSI— LiTFSI  electrolyte,  against 
152.7  Q  cm2  in  LiTFSI  electrolyte).  Moreover,  as  exhibited  in  Fig.  3c, 
lithium  dendrite  can  be  avoided  after  51  cycles  at  high  current 
density  of  10  mA  cm-2  and  large  charge  amount  of  54  C  cm-2.  The 
outstanding  rate  performance  of  lithium  electrode  is  very  significant 
for  the  development  of  high  power  rechargeable  batteries. 

3.4.  Discussion  for  the  possible  function  mechanism 

In  view  of  small  difference  of  ionic  conductivity  between  the 
present  LiFSI — LiTFSI  electrolyte  and  the  conventional  LiPFg  elec¬ 
trolyte,  the  dendrite-free  lithium  deposition  at  high  current  density 
can  not  be  explained  by  the  fast  ionic  conduction.  In  order  to  better 
understand  the  effect  of  co-salt  LiFSI  on  the  Li  deposit  structure, 
typical  high-resolution  region  XPS  spectra  were  taken  to  compare 
the  composition  of  lithium  surface  cycled  in  LiTFSI  electrolyte  and 
in  LiFSI — LiTFSI  electrolyte.  The  XPS  results  shown  in  Fig.  4a  indicate 
a  clear  difference  arising  from  the  LiFSI  effect.  The  surface 
composition  in  LiTFSI  electrolyte  is  more  complicated.  According  to 
the  reaction  scheme  proposed  by  Aurbach  13],  the  inorganic 
composition  in  surface  layer  is  mainly  composed  of  Li2NS02CF3, 
LiyC2Fx,  LiF,  Li2S204,  Li2S,  etc.  The  fluorine-containing  species  are 
dominated  by  a  series  of  TFSI-  reduction  products  and  small  pro¬ 
portion  of  LiF  [38],  which  is  validated  by  our  experiment  result 
(Fig.  4b).  In  this  case,  the  various  TFSI-  anion  reduction  products 
precipitated  on  lithium  surfaces  form  a  heterogeneous  surface  film, 
which  may  induce  non-uniform  current  density  distribution  and 
eventually  uneven  lithium  deposit.  Similarly,  the  complicated 
components  {e.g.  LiF,  LiyPFy,  LiOH,  Li2C03,  etc  [26  ),  along  with  an 
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Fig.  3.  Cycle  performance  of  lithium  electrode  at  high  current  density,  (a,  b)  Galva- 
nostatic  voltage-time  curves  for  Li/electrolyte/Li  symmetric  cells  respectively  in  LiF¬ 
SI — LiTFSI/DOL — DME  solution  and  LiTFSI/DOL-DME  solution  with  current  density  of 
10  mA  cm-2  and  54  C  cm-2  per  process,  (c)  SEM  micrograph  of  lithium  deposit  after  51 
cycles  in  LiFSI-LiTFSI/DOL-DME  solution  with  current  density  of  10  mA  cm  2  and 
54  C  cm  2  per  process. 


organic  layer  lacking  the  flexibility,  in  the  surface  film  formed  in 
ester  electrolytes  with  LiPF6  are  also  apparently  not  suitable  for 
lithium  metal  electrode.  Conversely,  as  shown  in  Fig.  4a,  a  much 
simpler  composition  of  lithium  surface  is  obtained  after  adding  co¬ 
salt  LiFSI.  FSI-  anion  may  competitively  react  with  lithium  due  to 
different  bond  energy  of  S-F  and  S-CF3. 

Based  on  the  study  of  Budi  et  al.  [39  ,  the  reaction  pathway  of 
the  FSI-  anion  break  down  is  illustrated  in  Fig.  5.  During  this 
competitive  reaction  of  lithium  with  FSI-  and  TFSI-  anion,  -S02F 
group  in  FSI-  is  far  more  reactive  than  -S02CF3  group  in  TFSI- 
toward  lithium  and  the  reaction  selection  largely  limits  to  fluori- 
nated  anions  firstly.  The  splitting  F  ion  from  the  cleavage  of  S-F 
bond  forms  stable  LiF,  and  then  the  S-N  bond  in  the  resulting 
fragment  F(S02)2N  is  broken  under  the  strong  attraction  of  oxygen 
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Fig.  4.  X-ray  photoelectron  spectroscopy  (XPS)  analysis  of  metallic  lithium  anodes,  (a)  The  high  energy  resolution  XPS  spectra  of  Li  foil  surface  from  Li — Li  symmetric  cell  after  10 
cycles  in  different  electrolyte  solutions,  (b,  c)  XPS  spectra  of  the  FIs  regions  of  Li  surface  respectively  in  LiTFSI/DOL-DME  electrolyte  and  LiFSI-LiTFSI/DOL-DME  electrolyte. 


atoms  to  the  lithium  surface,  leading  to  the  formation  of  SO2,  which 
promptly  runs  away  from  the  surface  due  to  the  blocking  of  the  LiF- 
dominating  layer  earlier  formed  [39].  That  may  be  the  main  reason 
for  little  formation  of  sulfur-containing  species.  Consequently,  a 
simple  inorganic  composition  in  the  surface  film  dominated  by  LiF 
is  formed  in  the  presence  of  LiFSI  (Fig.  4c).  Moreover,  it  is  noted  that 
the  fluorine  content  on  the  surface  of  Li  electrode  cycled  in  the 
dual-salts  electrolyte  is  only  1.51%,  which  is  much  lower  than  7.51% 
on  the  surface  of  Li  electrodes  cycled  in  LiTFSI  electrolyte.  Thus,  we 
conclude  that  a  much  thinner  and  dense  inorganic  layer  containing 
LiF  can  be  formed  from  this  dual-salts  electrolyte.  This  unique 
surface  protection  layer  suppresses  the  Li  dendrite  formation  and 
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promotes  new  deposit  morphology  towards  compact  deposition  of 
uniform  lithium  grains.  As  reported  previously,  LiF  in  surface  film 
was  beneficial  to  the  formation  of  hemispheric  lithium  particle 

[40,41]. 

Although  LiFSI  leads  to  the  favorable  deposit  morphology,  the 
outstanding  electrochemical  performance  of  lithium  electrode  is 
not  fully  dominated  by  LiFSI.  In  fact,  the  cycle  efficiency  is  not  high 
without  DOL  solvent.  It  is  the  synergistic  effect  of  LiFSI  and  DOL, 
probably  related  to  the  homogeneous  inorganic  SEI  inner-layer  and 
an  elastic  organic  outer-layer  (e.g.  poly-DOL  oligomers,  CH3CH2O- 
CF^OLi,  HC02Li,  etc  [22].)  according  to  the  proposed  SEI  model  [42], 
that  successfully  suppresses  the  dendrite  formation  and  enhances 
the  columbic  efficiency.  Because  of  the  high  initial  cycle  efficiency 
(91.6%),  the  SEI  film  formed  from  LiFSI-LiTFSI/DOL-DME  electro¬ 
lyte  is  too  thin  to  be  clearly  observable  by  SEM,  at  least  for  not  long- 
cycled  Li  electrode. 

3.5.  Electrochemical  window  and  compatibility  with  different 
cathodes 

Besides  the  cycle  reversibility  of  lithium  anode,  the  electro¬ 
chemical  window  and  electrolyte-cathode  compatibility  are  also 
important  characters  for  electrolyte  systems.  Fig.  6a  shows  the 
typical  cyclic  voltammetry  curve  of  Pt  working  electrode  in  the 
LiFSI — LiTFSI  electrolyte.  Its  electrochemical  window  towards 
anodic  decomposition  is  about  3.8  V  (vs.  Li  RE).  According  to  a  series 
of  contrast  experiments  {e.g.  using  ester  solvents  EC  and  DMC  to 
replace  ethers,  or  changing  other  lithium-salts  such  as  LiC104),  we 
find  that  this  low  decomposition  voltage  is  mainly  due  to  the  ethers 
solvents.  To  prove  the  compatibility  of  the  electrolyte  with  cath¬ 
odes  under  this  electrochemical  window,  Li/LiFeP04  cell  and  Li/ 
sulfur  composite  cell  were  investigated.  The  2016-type  coin  cells 
comprising  the  dual-salts  electrolyte,  Li-mental  disc  anode  and  the 
above  cathodes  were  charged  and  discharged  at  room  temperature. 
Fig.  6b  and  c  shows  the  charge-discharge  profiles  in  the  first  3 
cycles  at  0.1  C  rate.  Almost  overlapped  curve  trends  for  both  the 
cells  confirm  excellent  electrochemical  reversibility  with  the  dual¬ 
salts  electrolyte. 

4.  Conclusions 


Fig.  5.  Schematic  illustration  of  interfacial  competitive  reaction  of  FSI  anion  with  summary,  a  new  LiFSI  LiTFSI/DOL  DME  electrolyte  system 

lithium  metal.  has  been  developed  to  simultaneously  address  the  low  coulombic 
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Fig.  6.  Electrochemical  window  and  compatibility  with  different  cathodes,  (a)  Steady- 
state  cyclic  voltammogram  of  the  Pt  electrode  in  the  dual-salts  electrolyte  at  a  scan¬ 
ning  rate  of  20  mV  s-1.  (b,  c)  Galvanostatic  charge-discharge  profiles  of  LiFeP04 
electrode  and  sulfur  composite  (38.7%  S)  electrode  in  the  dual-salts  electrolyte  at  0.1C. 

efficiency  and  dendrite  formation  during  charge/discharge  pro¬ 
cesses  when  using  lithium  metal  as  anode.  Under  the  synergistic 
effect  of  LiFSI  and  DOL,  probably  related  to  the  effective  protection 
of  a  unique  SEI  layer,  a  remarkably  enhanced  coulombic  efficiency 
(ca.  99%)  and  superior  cycle  stability  of  lithium  deposition/disso¬ 
lution  are  achieved.  Furthermore,  lithium  dendrite  is  successfully 
suppressed  in  this  electrolyte  by  changing  the  deposit  configura¬ 
tion  towards  neatly  and  compactly  arranged  particles.  In  particular, 
this  favorable  Li-deposit  morphology  and  low  potential  polariza¬ 
tion  can  be  maintained  even  at  high  current  density.  On  the  cathode 
side,  the  reversible  electrochemical  reactions  of  Li/LiFeP04  cell  and 
Li/sulfur  composite  cell  confirm  a  good  compatibility  of  the 


electrolyte  with  different  cathode  materials.  All  the  above  results 
prove  that  this  novel  electrolyte  system  has  great  potential  in  Li- 
metal  based  rechargeable  batteries  for  high  energy  density. 
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